The aim of this study is to evaluate intra-and interobserver agreement for measurement of intracranial, cerebellar, and thalamic volume with the Virtual Organ Computer-aided AnaLysis (VOCAL) technique in three-dimensional ultrasound images, in comparison to two-dimensional measurements of these brain structures. Three-dimensional ultrasound images of the brains of 80 fetuses at 20-24 weeks' gestational age were obtained from YOUth, a Dutch prospective cohort study.
| IN TR ODUC TION
Currently, prenatal assessment of the fetal brain is mainly performed by using two-dimensional (2D) ultrasonography. In recent years, threedimensional (3D) ultrasound has been introduced and increasingly investigated as an alternative technique (Bornstein et al., 2010b; Correa et al., 2006; Monteagudo, Timor-Tritsch, & Mayberry, 2000; Pilu et al., 2007; Salman et al., 2011; Tonni, Martins, Guimarães Filho, & Araujo J� unior, 2015) . This technique provides the opportunity to investigate prenatal brain development in more detail (Bornstein, Monteagudo, Santos, Keeler, & Timor-Tritsch, 2010a; Ioannou, Sarris, Salomon, & Papageorghiou, 2011; Pilu et al., 2006; Rizzo et al., 2012; Vinals, Muñoz, Naveas, & Giuliano, 2007) .
Research in the field of Developmental Origins of Health and Disease (DOHaD) has shown that the prenatal environment of the fetus, such as maternal nutrition or stress, has influence on the risk of developing chronic adult diseases in later life, and also on the development of psychological and psychiatric problem behaviors (Barker, 1998; Gillman, 2005; Schlotz & Phillips, 2009 ). Likely, early † N. Charlotte Onland-Moret and Roel de Heus contributed equally to this work.
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wileyonlinelibrary.com/journal/hbm development of the fetal brain mediates in this link between prenatal environmental factors on the one hand and psychological and behavioral development on the other (Schlotz, Jones, Godfrey, & Phillips, 2008; Schlotz & Phillips, 2009) . Therefore, it is important to elucidate how the environment of the fetus influences normal prenatal brain development and how brain development subsequently relates to neurocognitive and behavioral development.
To this purpose, a longitudinal prospective cohort study with repeated measurements during pregnancy and after birth is ongoing, with the aim to investigate how (normal) neurocognitive development mediates in the association between biological and environmental factors, and behavioral development in children. Two times during pregnancy (around 20 and around 30 weeks of gestation) 3D volume sweeps of the fetal brain are acquired with 3D ultrasound. These sweeps will be used to investigate normal structural fetal brain development in this cohort.
Structural fetal brain development can be investigated by measuring the total brain volume, grey matter volume, or the volume of brain structures, such as the cerebellum, thalami, hippocampus, or ventricles.
For the measurement of volumes in 3D ultrasound images, the Virtual Organ Computer-aided AnaLysis (VOCAL) technique is a useful tool, which calculates the volume of the structure of interest after manual delimination of the contours of the structure (Bordes, Bory, Benchaïb, Rudigoz, & Salle, 2002; Raine-Fenning et al., 2003 Ioannou et al., 2011) , it is important to determine if these previously described volume measurements with VOCAL are reliable enough for research purposes, before using it in large scale.
The aim of this study is therefore to analyze intra-and interobserver agreement for the measurement of intracranial, cerebellar, and thalamic volume with the VOCAL technique following previously described methods, in comparison to the reproducibility of standard 2D distance and area measurements of these structures.
| M E TH O DS

| Population
The 3D ultrasound images for this study were collected as part of an ongoing longitudinal observational cohort study in the Netherlands, called YOUth. Recruitment started in July 2015 through hospitals and midwifery practices in Utrecht and surrounding areas, and is still ongoing. The needed sample size was estimated to be at least 63 based on a 5 0.05, b 5 0.20, q 0 5 0.5, and q 1 5 0.7 (Walter, Eliasziw, & Donner, 1998 Healtcare, Zipf, Austria) was used for volume calculations. The VOCAL software allows the observer to manually trace the outlines of a structure. When the structure has been traced once, the view is rotated around a rotation axis in six (if the rotation angle is set at 308) to 30 steps (if the rotation angle is set at 68). In each consecutive step, the observer manually traces the boundaries of the structure. In this study, the rotation angle was set at 308; therefore, the examined brain structures were traced in six consecutive images. After the final trace, the VOCAL software automatically calculates the volume of the traced structure and provides a 3D image of the structure. The technical algorithm that is used by VOCAL to quantify the volume is described by Bordes et al. (2002) . All 2D measurements (OFD, TCD, thalamic width, and thalamic area)
were performed once. To evaluate if the measurement of a volume is more reliable when the average of multiple measurements is used, intracranial volume, cerebellar volume, and volumes of the thalami were measured three times and the average was calculated. To test the effect of training of the observers on interobserver agreement, a volume measurement was performed again by both observers if the variance was large.
| Statistical analysis
To describe demographics of the population, the mean 6 SD was calculated when the data were normally distributed, the median with interquartile range was calculated when the data were not normally distributed, and frequencies with percentage were given for nominal data. For analysis of intra-and interobserver agreement a two-way ran- (Fleiss, 1981) . Bland-Altman plots were configured to determine the bias between the two measurements and the limits of agreement (Bland & Altman, 2003) . All statistical analyses were performed using IBM SPSS Statistics for Windows, version 24.0 (IBM corp. Armonk, NY). Table 1 . The mean maternal age was 33 years (SD 6 5) and the mean gestational age was 21 1 6 weeks (SD 6 1 week).
| Cerebrum
The ICCs of the intra-and interobserver agreement of the measurements of occipitofrontal diameter and intracranial volume are described in Table 2 
| Cerebellum
The results of the cerebellar measurements are described in Table 3 . Table 4 describes the intra-and interobserver reliability of the measurements of both thalami. The width of the left thalamus was 
| Thalamus
| D ISCUSSION
The results of this study show that offline measurement of intracranial and cerebellar volume with the VOCAL technique in stored 3D ultrasound images has good to almost perfect reproducibility, while intra-and interobserver agreement of thalamic volume measurements is moderate. The reproducibility of 3D volume measurements was equal to the reproducibility of the 2D measurements, except for the cerebellum for which interobserver agreement of the TCD was higher than interobserver agreement of the cerebellar volume. We performed volumetry three subsequent times in the selected sweep of best quality and analyzed agreement rates for the first of these three measurements as well as for the calculated average, to examine if an average of three measurements is more reliable than one measurement. Our results show that agreement for the average of three subsequent volume measurements is not higher than agreement for the first measurement. Thus, precision does not increase by multiple measurements and it is sufficient to perform volume measurements of brain structures only once, which saves a considerable amount of time.
We reported that the 95% confidence interval of interobserver nonetheless, most measurements were performed in over 80% of the volume datasets by both observers. We therefore conclude that transabdominal sweeps are of sufficient accuracy for research purposes.
We performed the repeating measurements in the same volume dataset. Consequently, some factors leading to variability in differences Intra-and interobserver reliability of measurement of the width and area of the thalami, the average of three measurements of the volume of the thalami and of the first measurement of the volume of the thalami, described with intraclass correlation coefficients (ICCs), and 95% confidence intervals (95% CI) between measurements (such as the position of the fetus and the pressure that was put on the transducer) are not accounted for in our data.
This may have led to an overestimation of the reproducibility of the measurements (Martins & Nastri, 2014 (Rutten et al., 2009 ).
The overall agreement for measurements of the thalami was rather disappointing. However, these results are in concordance with the results of previous studies that determined intra-and interobserver agreement for thalamic volumetry (Benavides-Serralde et al., 2009; Sotiriadis et al., 2012) . The thalami have a very similar echogenicity to their surrounding tissue which makes it difficult to clearly distinguish them (Sotiriadis et al., 2012) . This difficulty in the distinction of the thalami in ultrasound images may explain the only moderate reliability of thalamic measurements.
For this study, our aim was to investigate only the reproducibility of the volume measurements of structures for which methods and tracing boundaries were previously described, to determine whether it was feasible for us to perform these measurements reliably. Therefore, we measured the intracranial volume and not actual brain volume, and we measured cerebellar and thalamic volume and not the volumes of other brain structures, such as the hippocampus or the ventricles. Now that we know that it is feasible to measure intracranial and cerebellar volume with the VOCAL technique, it could be interesting to explore whether it is possible to measure other brain structures with VOCAL as well.
In the near future, we will measure intracranial volume and cerebellar volume in all ultrasound datasets that will be acquired in YOUth around 20 and 30 weeks gestational age, and assess whether these volumes and the amount of increase in these volumes during pregnancy are influenced by environmental factors, such as maternal smoking behavior, maternal nutrition, and maternal stress. We will also investigate if the intracranial and cerebellar volumes are related to cognitive and behavioral outcomes in children. By measuring intracranial volume and cerebellar volume prenatally in YOUth, we expect to gain detailed insight into the development of the fetal brain and its association with cognitive and behavioral development of the child, and to gain more knowledge about the prenatal factors influencing prenatal brain development.
In conclusion, intra-and interobserver agreement for intracranial volume and cerebellar volume measurement with VOCAL was almost perfect and similar to agreement for the 2D-measurements of these structures. There is no gain in precision between three versus one volume measurements, suggesting that it is sufficient to measure volumes once. Agreement for thalamic measurements was only moderate; therefore, we do not recommend using these measurements for evaluation of fetal brain development.
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